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We present an investigation of quantum confinement effects in nanowire heterostruc-
tures through the use of an effective-mass model with a band-offset induced potential
barrier.
The characteristic size of microelectronics is rapidly approaching the nanometer
scale and because of this, nanostructure based devices in the field of nanomaterial re
search is continually being emphasized.The quantum confinement effect exhibited by
the nanowire is the most interesting in one-dimensional nanostructures. Potential appli
cations for the nanowire include its use in the fabrication of high performance devices
such as the p — n junction diode, the p-channel or n-channel coaxial gated field effect
transistor, and the complimentary field effect transistors, to name a few.
In the fabrication of such devices, a doping process is used in order to supply free
carriers. This process involves introducing doped impurities which unfortunately causes
difficulties. These difficulties are characterized by a marked decrease in the mobility of
the aforementioned carriers and include the scattering of the free carriers. To remedy
these problems a novel doping mechanism has been proposed. It involves the use of
a radial heterojunction in a core-shell nanowire where it has been suggested that one
can dope impurities in the shell and inject free carriers to the core or vice versa. This
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separation of free carriers reduces their scattering rate and improves their mobility, both
preferred properties for high-speed devices.
A better understanding of the heterojunction under strong cylindrical confinement is
important to guide the future fabrication of nanowire-based high-speed devices.In order
to achieve this, the question as to whether the band offset evolves with the size of the
nanowire needs to be addressed.
The inquiry into the relationship between band offset evolution and nanowire size
led us to employ an effective-mass model with a band-offset induced potential bar
rier to study the band structure of carriers in cylindrical core-shell and core-multishell
nanowires. Quantum confined states and band alignment effects are found to be depen
dent upon the height of the potential barrier, the core-shell radius ratio, and the diameter
of the quantum wire.
The subband charge densities are studied for clarifying the quantum confinement.
By numerically solving the effective-mass model we were able to provide an interpreta
tion of experimental observations on carrier accumulation and one-dimensional ballistic
transport in Ge-Si core-shell nanowire heterostructures. The model serves as the contin
uum limit to the first-principles simulation approach.
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1.1 Background and Motivation
With the advent of nanotechnology, one-dimensional nanostructures such as nan-
otubes and nanowires can be routinely synthesized, yielding structures with diameters of
a few nanometers, comparable with the quantum wavelength of the carriers [1,2]. Trans
port through these materials is significantly affected by quantum size effects. Follow
ing the experimental observation of ballistic transport and conductance quantization in
metallic and semiconducting carbon nanotubes, similar effects have also been observed
in semiconductor nanowires. From the perspective of device design, the nanowires are
advantageous in view of the capability of varying size, material composition, and elec
tronic properties in a controlled manner [3, 4, 5]. Semiconductor nanowires exhibit in
triguing properties that are desirable for novel high performance devices including the
p-n junction diode, the p- or n-channel coaxial gated field effect transistor (FET), and
the complimentary FET. This is because the free carriers in semiconductor nanowires
have impressively high mobilities which hold potential for terahertz circuits. Moreover,
the nanowire transistor has better transconductance properties that are desirable for high
gain devices.
Because of the unique electronic structure and the reduced carrier scattering that
is caused by one-dimensional quantum confinement effects in semiconducting carbon
nanotubes and in nanowires, they are both potential alternatives to planar metal-oxide-
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semiconductor field-effect transistors (MOSFETs). Studies [1, 2] have demonstrated
long carrier mean free paths at room temperature in both carbon nanotubes and Ge-Si
core-shell nanowires. In the case of carbon nanotube FETs, devices have been fabricated
that work close to the ballistic limit. Applications of high-performance carbon nanotube
FETs have been hindered, however, by difficulties in producing uniform semiconducting
nanotubes. This is a factor which does not limit nanowires, since nanowires can be
prepared with reproducible electronic properties in high yield as required for large-scale
integrated systems [6,7, 8]. Though it was unclear until recently whether nanowire field-
effect transistors (NWFETs) can indeed outperform their planar counterparts, we know
now that this is indeed a fact [1].
CHAPTER 2
NANOWIRE HETEROSTRUCTURES: A REVIEW
In this chapter I will give a brief review of the information available to us thus far on
nanowire heterostructures based on work done previously by researchers. This is very
important in order to achieve the best understanding of the scope of this study.
2.1 Nanowire Heterostructure Synthesis
Of great interest both for fundamental studies of carrier confinement effects as well
as nanoscale device development is the fabrication of heterostructured semiconductor
nanowires. In previous studies [15, 19, 16, 20], both axial and radial heterostructures of
Si-Ge or Si-SiGe nanowires have been successfully synthesized. The principle method
used was a vapor-liquid-solid (VLS) mechanism out of nanoporous alumina membranes
or on Si wafers using Au as a catalyst and silane (SiH4) and/or germane (GeH4) as gas
precursors. Metal nanoclusters are heated above the eutectic temperature for the metal
semiconductor system of choice in the presence of the vapor-phase source of the semi
conductor. Silane is used in the case of silicon as was mentioned previously. It is of worth
to note that Si-SiGe axial heterostructured nanowires are grown at 500°C by periodically
switching the source gas between SiH4 and a mixture of SiH4 and GeH4 . Adsorption
of the vapour phase reactant on the metal catalyst leads to the formation of a liquid
metalsemiconductor alloy (eutectic) at the surface that eventually consumes the entire
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catalyst particle. Continued adsorption of the semiconductor results in supersaturation
of the liquid alloy, leading to nucleation of solid semiconductor and returning the system
closer to an equilibrium in which the solid semiconductor surface is in contact with the
metalsemiconductor liquid. The growth interface formed is the solidliquid interface and
the semiconductor in solution condenses here to form the solid nanowire. The driving
force for diffusion of the semiconductor is provided by a continuous vapor delivery. This
diffusion is from the liquid-catalyst particle surface to the growth interface.
Because of surface tension, the liquid catalyst forms a ball atop the growing nanowire.
The diameter of nanowires grown by VLS is therefore determined by the diameter of the
catalyst. Preferred growth directions lie perpendicular to planes along which silicon
atoms (in solution) diffuse readily, allowing for completion of said planes out to the di
ameter of the catalyst. At low temperatures, and with negligible vaporsolid growth on
the nanowire surface, the extruded nanowire is nearly round, with a diameter matching
that of the catalyst. Once a nanowire has begun growing, there are actually two sur
faces exposed to the vapor: that of the metalsemiconductor liquid and that of the solid
semiconductor. To achieve one-dimensional axial growth, vapor adsorption should oc
cur preferentially at the surface of the catalyst particle rather than on the surface of the
semiconductor nanowire. In the case of silicon nanowires grown using silane , for ex
ample, we require that silane decomposition on the AuSi surface be strongly preferred to
decomposition on the presumably hydrogen-terminated nanowire surface. While silane
will readily undergo dissociative chemisorption on a bare silicon surface, hydrogen ter
mination may block adsorption sites at sufficiently low temperatures. In the absence of
such a site-blocking mechanism, one would expect radial growth on the nanowire surface
to occur simultaneously with one-dimensional axial growth. In the original experiments
the whisker shape was attributed to a strong preference for Si atom incorporation at the
liquid-catalyst rather than the solid-wire surface.
2.2 Si-Ge Heterostructures
The heterostructures on the basis of Si, Ge, and their alloys are of great interest in
Si-based chip technology for fabrication of high performance transistors, intra-chip op
tical interconnects and possible applications for optical-fiber telecommunications. Many
quantum mechanical aspects can be realized in the heterosystem due to specific features
of the band structure, which change dramatically by the extent of electron or hole con
finement and the strain relaxation arising from the lattice mismatch. Since the band offset
in the Ge-Si heterostructures is almost entirely located in the valence band, the confine
ment of electrons is hardly achievable and the conductance is mainly due to holes. With
regard to the nanowires, the heterojunction can be implemented through a hetero su-
perlattice through axial, radial and branched nanowire structures. Recent experimental
studies [28] have successfully implemented a one-dimensional hole gas system based on
a Ge/Si core/shell nanowire heterostructure. The synthesis and transport studies [2] of
such a ID hole gas system have revealed hole accumulation in undoped Ge/Si nanowire
heterostructures, in contrast to single-component nanowires. Because of the existence of
the valence band offset between the Ge and Si in the heterostructure, free holes accumu
late in the Ge channel. Lieber and co-workers [28] have demonstrated that contacts to
the hole gas can be achieved as a result of the band line-up, and obtained long carrier
mean free path by eliminating scattering from dopants.
2.3 First Principles Approach
In order to study the compositional dependence of the structural and electronic prop
erties of the epitaxial silicon-germanium core-shell [lllj-oriented nanowires first prin
ciples density functional theory is used [21, 22, 23]. An analysis [26, 20] of the results
obtained for nanowires with diameter ranging from 1.3 to 1.7 nm shows that variations of
geometrical and electronic characteristics with composition are strongly type (core/shell)
specific. There exist positive and negative deviations from the Vegard's law [22, 23]
for the structural parameters (lattice constants, diameters, and mean bond lengths) of
the nanowires with compressive strained Ge core and tensile strained Si core, respec
tively. For the fundamental band gap, direct-to-indirect transition is found in Ge-core/Si-
shell nanowires. Si-core/Ge-shell nanowires preserve a direct energy gap almost over the
whole compositional range. A strong size dependent redshift is revealed when an analy
sis of dependence of the energy gap on the diameter and shell thickness of the nanowires
is performed.
This is consistent with the well-known spectroscopic data [2, 18]. These results pro
vide an understanding of the interplay between the variation of the structural character
istics and the changes in electronic properties. In order to complete the first-principles
calculations the Vienna Ab-initio Simulation Package (VASP) can be used [22, 23, 24].
To achieve this a plane-wave method combined with ultrasoft pseudopotentials is used
and the non-local pseudopotential is projected into the real space for computational effi
ciency [24, 25]. Also, to maintain the periodical boundary conditions, Si-Ge core-shell
nanowires are arranged into a hexagonal lattice with enough vacuum distance between
them. The model that I have developed acts as an important check for any of the first
principles calculations.
The objective is to develop an effective-mass model for core-shell and core-multishell
cylindrical nanowire heterostructures. The purpose of this study is to effectively predict
the optimal geometry for charge confinement in these types of nanowires. The analysis
of the subband charge density provides useful guidance for first-principles calculations
regarding the classification of the quantum confined states. The spatial charge confine
ment provides a theoretical interpretation of the experimental results on the hole injection
into the Ge region.
CHAPTER 3
THE EFFECTIVE MASS MODEL FOR CYLINDRICAL NANOWIRES
In this chapter, I will discuss an effective-mass model for cylindrical nanowires. The
band offset effect on the band structure can be modeled by introducing a potential barrier,
A, depending on the core-shell or core-multishell structure. We derived the resultant
equations for the energy spectrum. The basic model for a core-shell cylindrical structure
is shown in Fig. 3.1 . As we will discuss in next section, for the valence bands the
Ge-core/Si-shell can be modeled as described in Fig. 3.1a while the Si-core/Ge-shell is
described in Fig. 3.1b . It is worth mentioning that this model can be used for a large
variety of nanowire heterostructures, like nanotubes and helical nanowires for instance.
3.1 Calculating the Energy Spectrum
In order to calculate the energy spectrum, we solve the Schrodinger equation for
plane waves propagating in a cylinder. In the ^-direction one has a continuous spectrum
of plane waves, and the quantization comes from the confinement in the radial direction.
Due to the symmetry it is possible to perform the separation of variables and solve the
Schrodinger equation exactly.
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Figure 3.1: The potential model for cylindrical core-shell nanowire heterostructures. The
model is characterized by three parameters, the height of the potential barrier due to the
band offset, A; the core radius /?,.; and the radius of the nanowire R. The "central
well" (left panel) and the "central barrier" (right panel) models are simplified continu
ous models for valence bands of Ge-core/Si-shell, and Si-core/Ge-shell heterostructured
nanowires, respectively.









~ V(r)) - ^ = 0, (3.2)
where m* is the effective mass, ez = h2k2/2m* is the subband dispersion energy, and £ is
the angular momentum. From the requirement that the wave function stays single-valued
as (f> is changed from 0±27m, one gets the quantization condition for the azimuthal quan
tum number £ = 0, ±1, ±2,...
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The second equation above is equivalent to that for the cylindrical Bessel functions,
with a length scale k = y/2m*(E - A)/ft or A = V2m*E/h, depending on the potential
barrier regions or well regions. In the absence of the potential barrier (A = 0), we have
k = X and the 2D energy spectrum is
Em = h272j2rn*R2, (3.3)
where ^nl is the nth zero of Ith Bessel function Je. The one-dimensional subbands exhibit
parabolic dispersion where the bottom of each subband is shifted up in energy by the
corresponding value Ene (n, £ are integer quantum numbers). Following the conventional
notation we denote £ = 0 as the s-state which is one-fold degenerate and £ = ±1, ±2,
±3 ... as the p, d, f,... states, respectively (two-fold degenerate). From the solution of
the above equation for A = 0, the low-lying states of the nanowire are in the order of
Is, lp, Id, 2s, If,... Note that throughout the rest of the of the thesis the energy unit is
h2/2m*R2 and the length scale is R.
Table 3.1: The low-lying energy states of the nanowire and nanotube .

























3.2 The Central Well and Central Barrier Models
In the central well case, we have at the core region, ip(r) oc Je(\r), while at the shell
region we have ip{r) = ciJfar) + c2Ye(Kr), where Je and Ye are the Bessel functions
of the first and second kinds respectively. In the central barrier case, we have at the core
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region, ip(r) oc Je(Kr), while at the shell region we have ip(r) = ciJe(\r) + c2Yi(Xr).
The following boundary conditions are employed to solve for the eigenvalues, Ene.
The wave function as well as its derivative is continuous at the interface between the shell
and core regions. The derivative vanishes at the edge of the nanowire. After simplifica
tion, the resulting equation for solving the eigenvalues are of the form
Kj'e(KRc)[Je(XR)Ye(XRc) - Ye(XR)Je(XRc)}
- Ye(XR)j'e(XRc)}, (3.4)
for the central barrier case and
\j'e(XRc)[Je(KR)Ye(KRc) - Y
- Ye(nR)j'e(KRc)], (3.5)
for the central well case.
It is worth pointing out that the above equations are valid for E > A and E < A. In
the latter case k is imaginary and one can rewrite the Eqs. (3.4)-(3.5) via the modified
Bessel's equations, or directly employing the wave function
(\ \r), (3.6)
where It and Ke are the modified Bessel functions of the first and second kinds, respec-
12
tively. Thus for E < A the equations to be satisfied for the eigenvalues are
\K\l'e(\K\Rc)[Je(\R)Ye(\Rc) - Ye(XR)Je(XRc)}
= \Ie(\n\Rc)[Je(\R)Y;(\Rc) - Ye(XR)j'e{XRc)}, (3.7)
for the central barrier case and
Xj'e(XRc)[Ie(\K\R)Ke(\K\Rc) - Ke(\K\R)Ie(\K\Rc)}
= \K\Jt(\Rc)[Ie(.\K\R)K'e(\K\Rc) - KtdK^fMRc)], (3.8)
for the central well case, respectively.
It is useful, at this point, to check the limiting cases, namely, A—>oo, A = 0,
Rc/R-+l and Rc/R—>0. For the case A = 0, both the central well and central barrier
models reduce to a simple homogenous nanowire structure, as described by the energy
spectrum of Eq. (3.6).
On the other hand, when A—xx) the central-well model reduces to a narrower nanowire
of radius Rc while the central barrier model reduces to a "nanotube" with inner radius
Rc. The resulting equation may be written as
Ye(XR)Je(XRc) = Ye(XRc)Je(XR). (3.9)
In this case, the charges will be localized in the "nanotube" region. For the nanotube the
"shell" is R - Rc.
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Figure 3.2: Plots of J,(XR) = 0 for t = 0,1,2 (Black, Red and Green, respectively) for
a nanowire of unit radius corresponding to A = 0 in the central well and central barrier
models.
P 2 -
Figure 3.3: The normalized density for the Is, \p and Id states for A = 0 in the absence
of the band offset.
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3.3 The Multishell Model
Similarly, the effective-mass model for multishells can be constructed by considering
an energy barrier of the height A, a first shell radius Ra, and a second shell radius Rb.




= X[KJe(XRa)Y'e(KRa) - Xj'e{XRa)Ye(KRa)]j'e(KRb)
+XYe(KRb)[XJ'e(XRa)Je(KRa) - Kje{XRa)fe{KRa)]
[Y;(XRb)Je(XR) - j'e(XRb)Ye(XR)}. (3.10)
In this case, we have the four parameters: A, R, Ra, and Rb for modeling the core
multishell cases. We assume that the barrier height, A, remains the same at the two
heterostructure layers. While this is in agreement with the intuitively and commonly ac
cepted consensus, it remains to be verified against the results from realistic calculations.
From the point of view of a perturbation calculation (treating the band offset effect as
a perturbation) it is expected that the core-multishell will be beneficial for the quantum
confinement. This, however, remains to be verified with first-principles calculations.
CHAPTER 4
BAND ALIGNMENT EFFECTS
In this chapter I will discuss the solution of Eqs. (3.4)-(3.5) for the energy spectrum
with the various parameter ranges. Apart from a few limiting cases, we have obtained
the solution by numerical techniques.
The i?~2-dependence of the band gaps has been observed in experiments [1, 10, 11,
12, 13], and confirmed by the first-principles calculations [2] by studying the composi
tion and size dependence of the electronic band gaps for core/shell structured ultrathin
Si/Ge and Ge/Si nanowires.
4.1 Subband Charge Density
It is convenient to denote the s-states as core-type states and the p, d and / states
as shell-type states, because the s-states have charge density concentrated at the cen
ter, while the p, d and / states start with zero-density at the center. Intuitively, in the
central-well case, all the states are expected to be compressed towards the center. As a
result, the core-type states are readily confined energetically, while the shell-states will
be more difficult to confine. By contrast, in the central-barrier case, the charge densi
ties are distributed towards the shell region. Thus, the core-type states are difficult to
be confined. Overall, for a finite potential barrier A, the charge distribution is expected
to be an extrapolation between the no-barrier case (no quantum confined states) and the
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infinite-barrier case (completely confined with charge localization).
In this section I shall discuss the subband charge density obtained through the solu
tion of Eqs. (3.4)-(3.5) for the central-well and central-barrier cases, respectively. It is
worth pointing out that the subband charge density corresponds to charge density at the
F—point, which is determined by more realistic calculations such as the first-principles
calculations [2]. In the first-principles calculations, the subband charge density can be
obtained by the partial projection of the charge density on the bands near the band gap,
and then intergrated over the z-direction. However, it is not known a priori, that the re
sultant charge density is energetically confined or not. In this regard, the results from the
model calculations provide important clarification about the quantum confined states.
Shown in Figs. 4.1-4.2 are the calculated subband charge densities for the Is, lp
and Id states, respectively. From the energy point of view, E < A implies that the state
is confined in the well region, E > A is unconfined, and E = A is the onset of the
confinement.
It is readily noticeable that the confined states for the central-well and the central-
barrier cases are distinctive. For the central-well case, the confined states are character
ized by the shifting of the charge densities toward the center, while for the central barrier
cases, the charge densities are shifted toward to the shell region. The "deeply confined
states" are characterized by the predominant concentration of the charge density in the
low-energy region, reminiscent of the experimentally observed hole-accumulation (hole
injection).
In Fig. 4.3 we see a monotonic increase in energy of the first four lines in the energy
spectrum as the band offset is increased. The energy values reproduce that of a homoge
nous nanowire in the limit of the band offset going to zero. Very large values of the
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band offset produce an energy spectrum resembling that of a nanowire of radius R. The
ordering of the states for Rc/R = 0.5 was unchanged by increasing the band offset.
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Figure 4.1: The calculated density of the Is, Ip and Id states in the central-well model
for E = A/5 (black), E = A (red), and E = 5A (green), respectively.
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Figure 4.2: The calculated density of the Is, lp and Id states in the central-barrier model




Figure 4.3: The calculated subband energy (E) at k = 0 vs the barrier size (A) for the
central-well model with Rc/R -— 0.5. The dotted line (E — A) separates unconfined (on
the left) and confined (on the right) states.
4.2 Comparison with First-Principles Results
The effective-mass models consists of several approximations, including the cylin
drical shape of the nanowire, the same effective mass m* (therefore the same dispersion)
for all the bands, and 2D spherical symmetry. In this section, I will discuss the validity
and limitations of these approximations, by comparing them with first-principles calcu
lations.
It is interesting to note that the bands close to the band gaps can be reasonably well
described by the effective-mass model. For the conduction bands near the band gap, the
band minimum is dependent upon the orientation and the material type. For example, the
[110] and [11 l]-oriented Si nanowires, and the [110]-oriented Fe nanowires, the conduc
tion band minimum is at the T-point (k = 0), while for the [11 l]-oriented Ge nanowires
the conduction band minimum is at the band edge. For direct gap nanowires, the charge




Figure 4.4: The calculated subband energy (E) at k = 0 vs the barrier size (A) for the
central-barrier model with RI:/R = 0.5. The dotted line (E = A), separates unconfined
(on the left) and confined (on the right) states.
px and py charge density can be attributed to the anisotropy existing in nanowires (such
as the [110]-oriented nanowires). By contrast, the [lll]-oriented nanowires can be well
modeled as a cylindrical shape and thus the p state is 2-fold degenerate.
As can be seen from Fig. 4.3, the lowest valance band is a Is state, characterized as
the light-hole state. The next state is two-fold degenerate lp state, characterized as the
heavy-hole state. The Id and 2s character of the subsequent states are readily identifiable.
However, it should be noted that the degeneracy of the two states is different from that
predicted by the effective-mass model. In fact, the 2s state is two-fold degenerate while
the Id state is one-fold degenerate.
Apart from this, the low-lying valance bands follow closely to the effective-mass
model prediction of the energy for the Is, lp, Id, and 2s states, respectively. The change-
of-order for Ge nanowires can be due to the change of the effective mass of the subbands.
\BI«W \ttir \ It I'M
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Figure 4.5: The four lowest valance band charge densities at the T point for Si (top panel),
Ge-core/Si-shell, Ge, and Si-core/Ge-shell (bottom panel), respectively. The diameter of
the 1111 ]-oriented nanowires is about 1.6 nm.
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4.3 The Band Offset
The band offset in the effective-mass model is modeled by a potential barrier A. It
is worth pointing out, however, that the band offset is a concept arising from electronic
structure calculations and is measured as the difference between energy levels. As such,
there exists subtle differences between the potential barrier and the band offset in that
there exist zero-point energy effect. The zero-point energy in the effective-mass model
is the energy of the Is state.
Notwithstanding this difference, there exists a simple one-to-one correspondence be
tween the potential barrier and the band offset. In practice, the larger the band offset,
the more efficient the nanodevices associated with the quantum confined states. It is thus
interesting to understand the dependence of the quantum confined states on the barrier of
the potential. To this end, we show in Figs. 4.3-4.4 the calculated four low-lying state
energies with respect to the potential barrier A.
The central-barrier model shown in Fig. 4.4 shows that the energy states are more
easily confined compared to the central-well model shown in Fig. 4.3. The Is , lp and Id
states diverge very quickly from the 2s state in the central-barrier model shown in Fig.
4.4.
At higher values of A the energy states are more compressed in the central-barrier
model than in the central-well model. In the central-well model the Id and 2s states
almost intersect prior to the region of confinement, because the 2s state is more center-
seeking due to the shape of its natural charge density.
24
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Figure 4.6: The calculated subband energy (E) at k = 0 vs the core-shell ratio Rc/R
at constant barrier (A = 50) for the central-well model. The dotted line (A = 50),
separates unconfined (above) and confined (below) states.
4.4 The Core-Shell Ratio
In this subsection we discuss the quantum confined states dependence on the core-
shell size ratio. Generally speaking, for the central-well case, the larger value of Rc/R
is more beneficial for the charge confinement, while for the central-barrier case we have
exactly the opposite.
In Figs. 4.6 and 4.8 the subband energies are decreasing with increasing Rc/R since
increasing Rc/R corresponds to an increasing Ge-core. Conversely, in Figs. 4.7 and
4.9 the subband energies are increasing with increasing Rc/R, since increasing Rc/R
corresponds to an increasing Si-core.
Different behavior is seen when A is decreased from 50 to 25 as shown in the above
four graphs. At A = 50 we see a trend in the first four low-lying states of total uncon-
finement transitioning to total confinement correlated to the change in Rc/R. However,




Figure 4.7: The calculated subband energy (E) at k = 0 vs the core-shell ratio Rc/R
at constant barrier (A = 50) for the central-barrier model. The dotted line (A = 50),
separates unconfined (above) and confined (below) states.
where only the Is and lp states are confined.
There is a monotonic decrease in energy as the central well's radius is increased
from 0 to that of the entire nanowire. The energies at Rc/R = 1 reproduce that of
a homogenous nanowire while the energies at Rc/R = 0 are those of a homogenous
nanowire transposed upwards by the value of A. It is worth noting the change in order
of the Id and 2s states in certain regions, which is attributed to the density distributions
of those states.
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Figure 4.8: The calculated subband energy (E) at k = 0 vs the core-shell ratio RJR
at constant baiiier (A = 25) for the central-well model. The dotted line (A = 25),
separates unconfined (above) and confined (below) states.
Figure 4.9: The calculated subband energy (E) at k = 0 vs the core-shell ratio Rc/R
at constant barrier (A = 25) for the central-barrier model. The dotted line (A = 25).
separates unconfined (above) and confined (below) states.
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4.5 Fixed Core Size
A linear blue shift of the direct energy gap with composition with fixed core size
is observed [2]. It is worth noting that there exist ambiguities for defining the radial
parameter R, because there are geometrical deviations from the cylindrical shape, and
the measurement of R, usually taken as from the center of the nanowire to the outmost
shell, is not unique. However, in the present calculation the results for linear composition
dependence (1/iV) provide a more sensible characteristic of the quantum size effect. The
linear blue shift with composition, which leads to an inverse quadratic dependence on
the nanowires' size, is in agreement with experimental observations [2]. The results
obtained provide useful guidelines for the experimental gap engineering of the core-shell
structured nanowires.
In this subsection we discuss the quantum confined states with fixed core size. There
is conjecture a based on the first principle calculations that the band offset approximately
follows a 1/R? trend. In Fig. 4.10 all the energy states are monotonically decreasing with
increasing R for a fixed core size. The only confined state is the Is state and the con
finement does not change with increasing R. This figure suggest that it is energetically
feasible for nanowires to have smaller sizes.
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Figure 4.10: The calculated subband energy (E) at k = 0 vs the shell radius R at constant
barrier (A = 25) for the central-well model with Rc = 0.5. The dotted line (A/./?2,
whereA = 25), separates unconfined (above) and confined (below) states.
4.6 Core-Multishells
Experimentally, both core-shell and core-multi-shell nanowire structures were syn
thesized [2]. As a result, it is important to understand the effect of multi-shells. In this
subsection, we present results of the quantum confined states for multi-shell structures,
as compared with results of single shell.
As compared with the core-shell model the core-multishell model exhibits more con
finement as E/A increases. It is noteworthy that the core-multishell model predicts a
crossing at the Id and 2s energies whereas this phenomenon is not seen in the core-shell
model.
These results imply that it is more feasible to produce core-multishell nanowires













Figure 4.11: Comparison of the four low-lying energy states for the core-shell (left panel)
and the core-multishell (right panel) with Rc - 0.5 and Ra = 0.5, Rb = 0.75, respec
tively. The inset is the illustration of the model used.
CHAPTER 5
CONCLUSIONS
In this thesis, we see that the reported continuum model is appropriate for core-
shell structured nanowire heterostructures. The quantum mechanical model (the effective
mass model) can be solved numerically via the 2D Schrodinger equations. The drive for
developing the model comes directly from the need to answer two very important ques
tions. First, does the band offset evolve with the size of the nanowire? And second, do
the calculated results of the model provide an adequate interpretation of the experimen
tal observations on carrier accumulation and ID ballistic transport in Si-Ge core-shell
nanowire heterostructures? It is gratifying that this simple calculation demonstrates the
electron/hole confinement effect reminiscent of experimentally observed hole injection
and charge accumulation effect [2, 20, 27].
Although the ideas behind the calculations are provocative, there are many questions
to be addressed regarding the practical use of FET's based on nanowire heterostructures.
The calculations presented in this thesis is a step toward a multiscale modeling of the
quantum phenomena in these intriguing ID systems. The model, which involves a po
tential well/barrier reminiscent of the band offset effect, and an infinite barrier height at
the edge of the nanowire, provides a better understanding of the confined, unconfined,
and onset-confinement states.
The results of this study are important because we are provided with important infor-
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mation to corroborate first-principles calculations. It is worth noting that the calculated
charge densities from the effective mass model correspond to the subband charge density
at the F-point. Future calculations are in progress in employing a first-principles cal
culation scheme for ultra-thin nanowires. These calculations will be used to verify the
predictions made in this thesis.
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